Introduction
The interaction of radiation, dynamics, and chemistry, coupled with the curvature and rotation of the Earth, creates a complex structure in the atmosphere and a wide range of wave phenomena, such as tides, gravity, and planetary waves, with time scales in the range from a few minutes to several weeks. The cause and effect of planetary wave activity in the mesosphere-lower thermosphere (MLT) is still an open question. Some studies [e.g., Dowdy et al., 2004; Espy et al., 2005; Chshyolkova et al., 2006; McDonald et al., 2011] suggest an extension of the stratospheric wave field. Others found evidence for additional planetary wave activity through in situ generation by dissipation or breaking gravity waves and/or propagation of planetary wave activity from the winter hemisphere or equator to the summer MLT [e.g., Williams and Avery, 1992; Forbes, 1995; Espy et al., 1997; Mitchell et al., 1999; Smith, 2003; Garcia et al., 2005; Pancheva et al., 2008] .
In this study the wind field is separated into zonal wave numbers 1 (S 1 ) and 2 (S 2 ). The sum or superposition of all planetary wave modes of zonal structure 1 itself has zonal structure 1 with time-dependent amplitude, similarly for wave number 2. Because the atmosphere responds to the total superposition of all wave energy, not to a single period, wave number or propagation direction, the S 1 and S 2 wave energies have been used as a standard technique to assess the total wave forcing and its zonal character in stratospheric analyses [e.g., Labitzke, 1977 [e.g., Labitzke, , 1981 Bancalá et al., 2012] . For that reason it has been adopted here. Not only does it give the total planetary wave energy available (and its longitudinal character), but it may easily be compared with stratospheric wave energy to assess the energy deposited in the background flow and its zonal structure. Comparison of the climatology of zonal wave numbers 1 and 2 planetary wave structures in the MLT and the stratosphere can be used to understand how MLT and stratospheric planetary wave activity are related. In addition, it indicates those seasons where mesospheric waves might be an extension of the stratospheric waves and when they are most likely generated locally in the mesosphere.
Data
SuperDARN radars [Greenwald et al., 1985 [Greenwald et al., , 1995 were originally built for observation of the F region. Later it was shown [Hall et al., 1997; Jarvis et al., 1999; Hussey et al., 2000; Yukimatu and Tsutsumi, 2002] that sporadic echoes received in the first few range gates are due to scatter from the ionization trails left by meteors ablating in the lower thermosphere and upper mesosphere. These trails travel with the neutral wind, which makes it possible to deduce the line of sight wind over the meteor ablation altitudes (80-100 km) [Hocking et al., 2001] . Meteors observed in the lowest range gates of the multiple beams of the SuperDARN radars over ∼ 1 h are then combined in order to determine the vector neutral wind at the centroid location of the beams. Standard SuperDARN radars have no altitude discrimination within the lowest range gates used for meteor-trail detection, but the mean altitude of the meteor wind has been estimated to be 94 (± 3) km by comparing the derived wind with that observed by a colocated MF radar [Hall et al., 1997] . This has been verified by comparing winds from an imaging Doppler interferometer radar at Halley (75
• S, 26
• W) and a colocated SuperDARN radar [Hibbins and Jarvis, 2008] . Recently, Chisham and Freeman [2013] have developed a new method for calibrating SuperDARN interferometric data to estimate the meteor altitudes directly, finding a broad distribution between 75 and 125 km with a peak near 102-103 km. Although the peak of this meteor distribution is higher than the average derived through wind comparisons, Chisham and Freeman [2013] have suggested that this discrepancy is likely due to the averaging process. The hourly mean meridional winds and uncertainty estimate (number of meteors) are taken from the SuperDARN data base (http://psddb.nerc-bas.ac.uk/data/access/) and are processed as described in Hibbins and Jarvis [2008] .
A more rigorous approach in determining accurate mean winds from a single SuperDARN radar would employ interferometric height finding [Hussey et al., 2000] coupled with the techniques outlined in Yukimatu and Tsutsumi [2002] , Hussey et al. [2000] , and Tsutsumi et al. [2009] to eliminate any sidelobe contamination issues. However, not all the radars currently have this option, and those that do have have not been run continuously in this mode. The data need to be consistent, with good data coverage from one radar to the next and from 1 year to the next in order to attempt the planetary wave analysis. Therefore, in order to maximize the data coverage, while preserving the best longitudinal uniformity, the noninterferometric data was used to derive the mean winds from all radars. Previous studies [Jenkins et al., 1998; Jenkins and Jarvis, 1999; Hibbins and Jarvis, 2008; Hibbins et al., 2011] have taken this approach to meteor wind analysis and produced effective comparisons on short and long time scales with winds derived from other types of MLT radars that incorporated more conventional range determination of altitude.
The beam patterns of SuperDARN radars are known to have back lobes [Milan et al., 1997] , and contamination from meteors observed in the back lobes can lead to an underestimation of mean winds and tidal amplitudes from noninterferometric SuperDARN radars [Yukimatu and Tsutsumi, 2002; Arnold et al., 2003] . If the horizontal winds observed in all SuperDARN radars are affected similarly, then the planetary wave amplitudes we derive will be similarly reduced. However, if the back lobe effects on the magnitude of the winds differ between the different radars, this could generate spurious stationary waves. Comparative studies of the mean wind have shown that the back lobe correction factors required for the SuperDARN radars are similar for radars at different locations and with different boresight directions [Hussey et al., et al., 2003; Hibbins and Jarvis, 2008] . However, Tsutsumi et al. [2009] show that the meteors distributions seen in the back lobes may be different between the Iceland and Finland SuperDARN radars. Although wind differences induced by such site-specific back lobe effects in the SuperDARN radars have yet to be quantified, they could affect the planetary wave amplitudes derived from longitudinal chains of such radars if they prove to be significant.
Differences in the amplitude of the semidiurnal tide derived from noninterferometric Super-DARN radars and other MLT radar systems can largely be explained by the short vertical wavelength of this tide combined with the poor vertical resolution of the SuperDARN radar winds, with back lobe contamination of the SuperDARN radars playing a negligible role [e.g., Hibbins et al., 2011] . Although there is relatively poorer agreement in the amplitude of the smaller diurnal tide between SuperDARN and other radars, these differences have been ascribed to the diurnal variation in meteor count rate, with low meteor counts in the evening creating large uncertainties in the inferred winds [Hussey et al., 2000; Thayaparan and Hocking, 2002] . Table 1 shows the SuperDARN radars used in the study including the centroid location of the beam and years of data coverage used in the data analysis. All SuperDARN radars between [51] [52] [53] [54] [55] [56] [57] [58] [59] [60] [61] [62] [63] [64] [65] [66] • N with sufficient data coverage are used in the study.
Data Analysis
To assure data quality, the raw wind data from all SuperDARN radars used were quality checked before processing. Hourly mean winds above 100 m/s, winds with standard deviations of zero or a mean location different from the geometric centroid of the beams are excluded. These values are either unrealistic solutions or indicate a nonstandard operation mode of the radar [Hibbins and Jarvis, 2008] . To extract zonal planetary wave modes from the hourly averaged meridional wind of the eight radar stations, the data are processed through several steps as outlined below.
Daily Mean Wind
To produce daily mean winds that are not influenced by tides and quasi-two-day waves (QTDWs), data are treated in a similar fashion to Hibbins and Jarvis [2008] . First, the hourly mean winds are split into 4 day segments. Then a bias (mean wind) and 8 h, 12 h, 24 h, and 48 h sine waves, representing the strongest tidal components [Hibbins et al., 2006] and the QTDW, are fitted to this segment of hourly winds. To ensure sufficient data coverage for the fit, only segments covering at least half of the hourly means and spanning at least 16 different hours are used [Hibbins and Jarvis, 2008] . In addition, 4 day segments that have data gaps >3 h occurring at the same hours in each day are excluded. Similarly, 4 day segments with data gaps >12 h that cover the same hours in both halves of the segment, are rejected. The 4 day segments are then stepped by 1 day intervals to build up a time series of 4 day running mean winds. Monthly averages of the mean wind and the QTDW as well as the amplitudes and phases of the tides for all eight radars are in broad agreement with other climatological observations for similar latitudes [e.g., Manson et al., 1985; Portnyagin et al., 2004; Chshyolkova et al., 2005] . As an example, Figure 1 shows the monthly average fitting result for the meridional component of the wind recorded with the Hankasalmi SuperDARN radar (64
The mean wind is clearly equatorward during summer and turns more poleward during winter. The amplitude of the QTDW is observed to increase in summer, in agreement with Salby [1981] . The amplitude and phase of the 24 h tide is relatively constant, while the amplitude and phase of the 12 h tide are more variable. During equinox the amplitude of the 12 h tide is smallest and the local time of maximum phase occurs earlier.
The amplitude of the 8 h tide is generally small with a maximum in October when the amplitude of the 12 h tide reaches a minimum. During summer the 8 h tide is nearly absent as indicated by small or insignificant amplitudes and nearly random phases. The behavior of the observed phases and amplitudes of KLEINKNECHT ET AL.
©2014. American Geophysical Union. All Rights Reserved. the tides at Hankasalmi are similar to tides at 95 km altitude observed with an All-Sky Interferometric Meteor Radar at Esrange (68 [Mitchell et al., 2002] . The smaller tidal amplitude measured by the SuperDARN radars is a common feature that has been attributed to sidelobe effects [Yukimatu and Tsutsumi, 2002] or to the combination of the large vertical integration of the SuperDARN radar together with a finite vertical wavelength of the tide .
Climatology and Daily Mean Wind Anomaly
To eliminate the seasonal variation of the mean wind, a smoothed meridional wind climatology over all years of the daily mean wind was produced for each of the eight radars. To form the climatology for each radar, the individual daily means, V d,y , weighted by their individual fitting uncertainties, V d,y , were used to calculate the climatology over all years of data available, C d , as shown in equation (1). Similarly, the corresponding standard error of the mean, C d , for each day of the climatology was calculated following equation (2).
(1)
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©2014. American Geophysical Union. All Rights Reserved. ) from the individual daily mean wind data for each radar as shown in equations (3) and (4).
Both anomaly mean meridional winds and mean meridional winds as a function of longitude are fitted for planetary wave components as described below. A detailed discussion about similarity and difference between the retrieved wave components can be found in section 5.
Longitudinal Fit
Longitudinal wave components are retrieved by fitting two sinusoids with 360
• and 180
• spatial periods as a function of longitude to the daily mean wind anomaly at all available radar stations. These fitting components correspond to wave modes with zonal wave number S = 1 and 2, respectively. The fit was weighted ) of the daily mean wind anomaly given in equation (4). The strongest zonal wave number 3 component (a 120
• sinusoid) represents the QTDW [Salby, 1981] which has already been removed in the detrending process. Thus, it and higher order waves, are taken to be insignificant and the fitting was stopped at S = 2. The zonal wave number S = 0 was calculated from the mean of the residual of the fit. Data are only fitted if the westernmost (Kodiak −150.1
• ) and most easterly (Hankasalmi 25 • ) stations are present, and at least four additional stations are available with no sequential data gaps (i.e., the missing stations are not located next to each other). The method described above is validated in the next section.
Validation
The longitudinal fitting technique used has been validated in three different ways.
Comparison With the Single Sites
The first validation compares the daily wind anomaly for the time period (1 January 2000 to 31 December 2008) at each station with the sum of the longitudinally fitted zonal wave components (S 1 and S 2 ) evaluated at the longitude of each station. Only days where both a longitudinal fit and the daily wind anomaly are available at the specific station were compared. The correlation coefficient between the daily wind anomaly and the sum of the fitted zonal components was statistically significant at >99% confidence level and greater than 0.75 at all but one station. The exception was Goose Bay where the correlation coefficient was still 0.61, significant at the 99% level. This high degree of correlation shows that the longitudinally fitted S 1 and S 2 components reproduce the majority of the observed variance in the daily wind at each station.
Comparison to a Full 360
• Longitudinal Fit A further validation of the technique was done by using meridional wind data from the UK Meteorological Office (UKMO)-Stratospheric Assimilated Data [Swinbank and O'Neill, 1994; Met Office et al., 2013] at 6.8 hPa.
As with the mesospheric analysis, the stratospheric anomaly meridional wind was calculated by removing a climatology for each longitude (2.5
• spacing). A full 360
• fit, using 2.5
• longitudinal spacing, for the first four zonal wave numbers was done (S 0 , S 1 , S 2 , S 3 ), at 51
• N, 66
• N, and for a latitude average between 51 and 66 • N. These latitudes correspond to the southernmost, northernmost, and average latitude of the radar stations used in the SuperDARN analysis. Figure 3 (top left, top right, and bottom left) show Hovmöller diagrams for the first three zonal wave numbers during 2002 at 51
• N, and the average latitude band (51-66
• N), respectively. From the similarity between the Hovmöller diagrams of the different latitudes and a correlation coefficient larger than 0.83, it is clear that the 15
• latitudinal extent does not have a strong impact on the variability and phase of the S 1 and S 2 components as the phase progression is similar at all latitudes. The resulting amplitude lies between the larger northern and the weaker southern amplitudes. However, one should be aware that such a latitude span will have a larger effect in the midlatitudes and caution should be exercised when applying a similar method to midlatitude radars. Since the Hough functions of the normal modes which make up these wave components are not a function of altitude, the latitudinal extent of the radar chain used in the SuperDARN analysis should not affect the amplitudes and phases retrieved in the MLT. It is also clear from the plot that the S 0 component varies over the latitude band and that it is therefore not possible to retrieve a unique S 0 component.
To verify that the longitudinal extent of the SuperDARN radar network used is adequate to retrieve a zonal wave number S = 1 and S = 2, the meridional UKMO anomaly wind was sampled at the locations (longitude and latitude) of the radar stations and the wave number components were fit again repeating the aforementioned method. Figure 3 (bottom right) displays the resulting Hovmöller diagram for 2002. The S 3 component was removed from the data before the fit to emulate the removal of the 2 day wave in the SuperDARN winds. To verify this, fits with and without removal of the S 3 component were correlated and show a good agreement (correlation coefficients ≥ 0.83).
The variability, amplitude, and phase progression of the S = 1 and S = 2 wave number retrieved using only the radar locations compares well with the full, 360
• fit. The correlation coefficients between the ideal 360
• fits between 51
• and 66
• N and the fit at the coordinates of the SuperDARN stations for the amplitude and the phase of the zonal wave numbers 1 and 2 components are larger than 0.9 for both wave numbers. This indicates that the fit to the SuperDARN radar winds can accurately capture the temporal changes of the planetary wave components. The amplitude of S 1 retrieved at the stations is approximately 20 ± 20 % higher than the amplitudes retrieved from the ideal fit. The amplitude of the S 2 wave agrees within the 10% KLEINKNECHT ET AL.
©2014. American Geophysical Union. All Rights Reserved. uncertainty of the two fits. Thus, the longitudinal extent of the SuperDARN radar stations can accurately reproduce the true amplitude of the S 2 component, but overestimates the S 1 component slightly.
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Comparison to Hydroxyl Rotational Temperatures
For any given longitude, the different temporal components of each zonal wave number can be found by spectral analysis of the time series of the amplitudes and phases of that zonal component using Fourier, Lomb-Scargle, or wavelet techniques followed by band-pass filtering. Similar analysis has been applied to satellite-and ground-based data [e.g., Grytsai et al., 2005; McDonald et al., 2011; Demissie et al., 2013] . While there could be some distortion of the waveform using a band-pass filter, their use to extract planetary waves has been demonstrated [e.g., Belova, 2008] . This longitude and time period was chosen because temperatures derived from the hydroxyl (OH) nightglow from Stockholm (59.5
• N,18.2 • E) are available during that winter [Espy et al., 1997] . To extract the quasi-16-day periodicity from the other wave components, a bidirectional fourth order Butterworth band-pass filter [Stearns, 1975] with a band pass between 14 and 18 days was chosen. This filter separates the quasi 16 day periodicity from other strong peaks in the power spectrum. The OH-temperatures at Stockholm can be filtered in the same way, and the extracted quasi-16-day wave can be compared to the sum of the zonal wave components from the longitudinal fit (Figure 4c ). It can be seen KLEINKNECHT ET AL. that the wave character of the quasi-16-day wave extracted from the wind is dominated by the zonal wave number 1 component and agrees well with the phase and relative amplitude of the wave in the OH rotational temperatures. Observation of the quasi-16-day wave at OH-temperature altitudes (∼87 km), at SuperDARN altitudes as well as in the lower stratosphere [e.g., Alexander and Shepherd, 2010] , and throughout the whole stratosphere and mesosphere during winter [e.g., McDonald et al., 2011] suggest an upward propagation of this wave component from the stratosphere into the MLT region.
Results and Discussion
The meridional wind anomalies from eight SuperDARN meteor radars between 51 and 66
• N have been used to fit longitudinal planetary wave modes. Each resulting zonally fitted component (here S 1 and S 2 ) represents the superposition of stationary, as well as propagating and traveling normal mode waves with a variety of temporal periods. Wave components were fitted from January 2000 to December 2008 allowing the seasonal and interannual changes of the total planetary wave activity and its zonal character to be examined. Hovmöller diagrams of the fitted wave components for all years are shown in Figure 5 . Red and blue colors signify poleward and equatorward winds, respectively. Throughout the 9 years of data, we typically see larger planetary wave activity during the winter month and weaker, but still significant, planetary wave activity during summer in both zonal wave components (S 1 and S 2 ). The phase of the zonal components are most stable during the summer months (see Figure 5 ) suggesting a quasi-stationary wave is the dominant wave component then.
Even though the longitudinal fits to each day's data are independent, Figure 5 shows that the phase of each fitted component is relatively stable from day to day. In addition, the phase can be seen to shift smoothly in time, indicating that the wave component is moving with respect to the ground-based stations. The change in time of the phase and amplitude of each zonal component are the result of both interaction with the background wind and the interaction of the different temporal components. At times the phase of the S 1 and S 2 waves seems to jump 180
• , for example, on 3 March 2005. A closer look at these phase changes shows that the 180
• phase transition occurs rapidly and systematically over the course of a few days. Similar 180
• phase jumps can also be seen in analysis of total ozone from the Total Ozone Mapping Spectrometer [Grytsai et al., 2005] and have been attributed to rapid bursts of the zonal wind speed and interaction of similarly strong eastward and westward wave packets with similar temporal periods.
The meridional wind climatologies at the different stations show large differences, especially in summer as can be seen in Figure 2 . To investigate whether this behavior is the result of long-lasting wave features with a phase that is consistent year to year, zonal wave components were also fitted to the daily mean meridional winds, i.e., the winds where the climatologies were not removed. Hovmöller diagrams of the wave components for all 9 years are shown in Figure 6 . Red and blue colors signify poleward and equatorward winds, respectively. The wave components are similar in amplitude and phase to the mean meridional wind KLEINKNECHT ET AL.
©2014. American Geophysical Union. All Rights Reserved. anomalies throughout the year apart from the summer season. During all summers a strong stationary wave structure with a phase that is consistent year to year dominates the mean meridional wind wave components. It is unclear if this persistent year-to-year summer time wave structure is a stationary Rossby wave, or if it is produced by longitudinal differences in the gravity wave forcing [Smith, 2003] . It may even be the result of the underestimation of the S 0 component resulting from the limited longitudinal range of the radar chain, a limitation that will be relaxed as more SuperDARN radars are added to the chain in the future. The existence of a stationary Rossby wave in the polar summer MLT is puzzling since propagation from below is very unlikely due to the summertime westward stratospheric jet [Charney and Drazin, 1961] . However, longitudinally varying gravity wave forcing has been shown to produce planetary wave-like features in the MLT [Smith, 2003] . The appearance of a strong stationary S 1 wave only during the summer could be due to the stronger gravity forcing in the summer MLT resulting from the seasonal difference in wave breaking altitudes, i.e., approximately 80 km in summer and 50 km in winter [Lindzen, 1981] . Evidence for seasonally persistent S 1 -like structures have also been found in other studies of the meridional wind in the MLT region. For example Dowdy et al. [2007] observed evidence for similar structures in the climatology of the meridional wind measured using two MF radars in the northern polar region which are approximately 180
• apart (Poker Flat and Andenes). The effect maximized at approximately 90 km around summer solstices and approximately 70 km around winter solstices (see Figure 4 ) [Dowdy et al., 2007] . This seasonal variation with altitude is consistent with gravity wave breaking as the cause of this phase-stable S 1 structure.
Interannual Planetary Wave Variability
Applying this longitudinal fitting technique to several years of data shows both eastward and westward traveling waves as well as stationary waves. Shown in Figure 7 during that winter [Angell et al., 2006] , as suggested by Holton and Tan [1980] . Furthermore, a persistent eastward traveling S 2 zonal wave packet in the mesosphere intensifies just before the start of the major stratospheric warming event that occurred in January/February 2006 (zonal wind reversal onset at 10hPa, 60
• N on 21 January 2006). Ushimaru and Tanaka [1992] have shown that an eastward traveling S 2 planetary wave can interact with a strong stationary S 1 planetary wave in the stratosphere and create a major impact on the zonal mean flow there.
In contrast to the winter of 2005/2006, the mesospheric wave activity observed here during the winter of 2004/2005 is generally weaker, as can be seen in Figure 7 (right). Rather than a strong stationary S 1 component, this winter is characterized instead by a weaker westward traveling S 1 wave packet. Additionally, there is an absence of a strong eastward traveling S 2 component in January. This generally weak wave activity, as well as the absence of stationary S 1 and eastward traveling S 2 wave components in the mesosphere, is consistent with the anomalously strong polar vortex conditions observed during 2004/2005. This includes low stratospheric temperatures, ozone concentrations [Angell et al., 2005] , and the absence of a major stratospheric warming event [Lima et al., 2012] . However, strong planetary wave activity in both wave numbers can be seen in mid-March during the final warming events. A more complete analysis of the MLT planetary wave evolution during major stratospheric warming events will be the subject of a future paper. 
Planetary Wave Climatologies
In order to examine the climatological seasonal behavior of the zonal wave numbers 1 and 2 components in both the stratosphere and the MLT, the daily average of the amplitudes retrieved in the fitting process were calculated. Climatologies (2000 Climatologies ( -2005 of planetary wave amplitudes fitted to the UKMO 6.8 hPa (∼ 35 km) anomaly data at the radar stations are shown in Figure 8 (left) for the S 1 , S 2 and the sum of S 1 and S 2 . Similarly, climatologies (2000 Similarly, climatologies ( -2008 of wave amplitudes resulting form the fit to the SuperDARN radar anomaly winds are shown in the right-hand panels. The wave activity is smoothed with a 15 day running mean before averaging for better visibility of the general behavior.
In general the planetary wave activity of the zonal wave numbers 1 and 2 components has a similar magnitude and year-to-year variability. In the stratosphere (Figure 8 (left) ) the planetary wave activity in both zonal wave numbers is low in summer and high in winter. This behavior reflects the filtering effect of the zonal background wind in the lower stratosphere. Charney and Drazin [1961] showed for a simplified, analytically solvable system that planetary waves can propagate only into regions where the zonal mean wind (ū) is both larger (more eastward) than the zonal velocity (c) of the wave and smaller (more westward) than the Rossby critical velocity (U c ), where U c depends on the horizontal scale of the wave. The intrinsic wave velocity of Rossby waves is always westward and their propagation is therefore strongly prohibited by the stratospheric summertime westward jets. This explains the low values for both zonal wave numbers in the summer stratosphere. The higher values in the winter stratosphere are related to general eastward zonal background winds and propagation of planetary waves from below. A strong year-to-year variability is visible during winter as has been observed in previous studies [e.g., McDonald et al., 2011] .
Large year-to-year variability can also be observed in the planetary wave activity of zonal wave numbers 1 and 2 in the MLT (Figure 8 (right) ). The MLT magnitudes of both planetary wave zonal wave numbers are smaller than in the stratosphere. The seasonal variation of the MLT planetary wave activity is similar to that in the stratosphere but with smaller winter-summer ratios. In addition, the winter enhancement is more restricted in the MLT, generally occurring from late December until the beginning of March. This period represents times when stratospheric sudden warmings frequently occur in the Northern Hemisphere [e.g., Manney et al., 2009a Manney et al., , 2009b Lima et al., 2012; Matthias et al., 2012] . This supports the idea that sudden stratospheric warmings increase the vertical coupling. During sudden stratospheric warmings the stratospheric background wind is strongly reduced, or reversed during major events, and this favors the propagation of stratospheric planetary waves into the MLT.
In addition to the winter-time enhancement an increase in planetary wave activity can be seen during midsummer and around autumn equinox. Strong perturbations in the temperature near 87 km have been seen during the autumn equinox and have been interpreted and modeled as an increase in planetary wave activity at these altitudes. The midsummer increase in planetary wave activity might be related to interhemispheric coupling above the strong summertime westward wind regime or to planetary wave generation in the upper atmosphere [e.g., Williams and Avery, 1992; Forbes, 1995; Espy et al., 1997; Mitchell et al., 1999; Garcia et al., 2005; Pancheva et al., 2008] . Figure 9 shows the climatologies of wave components for the mean meridional winds (station climatologies not removed). The seasonal behavior is similar to the climatology-removed case, with in general ∼15% higher amplitudes. The only exception is the MLT summer, where strong S 1 wave amplitudes appear. These high amplitudes are related to the stationary summertime wave feature seen in Figure 6 arising from the differences in the station climatologies seen in Figure 2 . As mentioned before, this consistent wave feature can be interpreted as a result of longitudinal differences in gravity wave forcing [e.g., Smith, 2003 ].
Conclusion
Planetary wave activity in the MLT has been observed using meridional winds from the high northern latitude (51) (52) (53) (54) (55) (56) (57) (58) (59) (60) (61) (62) (63) (64) (65) (66) • N) SuperDARN network used as a "ground-based satellite. " The zonal wave numbers 1 and 2 components have been extracted from daily mean meridional winds and wind anomalies from 25
• E to 150
• W for the years 2000-2008. The technique was validated over the entire data range by first using the wave components fitted over the entire longitude range to reconstruct the original observed wind at each individual station. The correlation between the reconstructions and the original data exceeded a correlation coefficient of 0.61, significant at >99% confidence level, for all stations. Further validation was done by applying the fit to meridional UKMO wind data at just the longitudes of the radar stations and comparing it to an ideal fit covering 360
• (2.5
• spacing) longitude. Finally, the planetary wave perturbation in the meridional wind at a single longitude derived from the SuperDARN chain was compared with an independent observation of OH-airglow temperatures over Stockholm. All three validation techniques indicate that the longitudinal fitting method applied to the SuperDARN meridional wind data is able to extract accurate planetary wave amplitudes that account for 40%-60% of the variation seen in the wind.
The climatology of planetary wave activity of zonal wave numbers 1 and 2 in the MLT (from SuperDARN) and stratosphere (from UKMO) indicates vertical coupling throughout the middle atmosphere around the autumn equinox and during winter when sudden stratospheric warming events occur frequently. The planetary wave amplitudes observed during winter are approximately halved between the stratosphere (∼ 35 km) and the MLT, indicating significant planetary wave energy dissipation in the middle atmosphere. Thus, the use of this method provides a way of monitoring the planetary wave activity in the MLT during stratospheric sudden warmings allowing a better understanding of stratospheric warming effects and mesospheric precursors [Lee et al., 2009; Manney et al., 2009b; Kurihara et al., 2010; Coy et al., 2011] . Finally, the difference between the mesospheric and stratospheric planetary wave activity during the summer indicates that any MLT wave activity due to transfer of planetary wave activity from the winter hemisphere [Forbes, 1995] occurs above the stratopause. However, it is also consistent with the regeneration of planetary waves in the 10.1002/2013JD019850
MLT due to the forcing by breaking gravity waves whose transmission through the stratosphere have been modulated by planetary waves in the lower stratosphere [Holton, 1984] .
The SuperDARN chain is capable of providing a reliable measure of mesospheric planetary wave activity, allowing a quantitative assessment of wave strength, propagation direction, and evolution throughout the season. Furthermore, as the availability of SuperDARN and other wind measurements grows in both hemispheres, the method will be an important tool in assessing interhemispheric coupling.
